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{57] ABSTRACI‘ 
A microcomputer system providing high performance 
access to external Special Function Registers (SFRs), 
has an 8051 architecture microcontroller modi?ed such 
that the instruction stream can be externally examined 

[581 

[56] 

and decoded by an external expansion decoder. The 
instruction stream can be examined and decoded re 
gardless of whether the microcontroller fetches instruc 
tions from an internal program memory or an external 
program memory. Every State 6, Phase 2, data on the 
internal bus of the modi?ed microcontroller is trans 
ferred to the PORT2 pins and is available to the external 
expansion decoder. During reset the microcontroller 
latches the state of the EA pin to internally determine 
whether to operate in ROM or ROMless mode. There 
after, EA operates as a bi-directional control pin that, as 
an output, signals whether the current bus cycle is an 
instruction fetch, and, as an input, signals whether the 
microcontroller shall read the data present on a certain 
set of I/O pins in order to complete an SFR read opera 
tion. The expansion decoder determines whether the 
current instruction is one which may operate on an 
SFR, and if so it further decodes the SFR address asso 
ciated with the current instruction, and produces appro 
priate read and write control signals for accessing an 
external SFR. The expansion decoder may contain ei 
ther a ?xed or programmable table of valid external 
SFR addresses. External SFR addresses represent pe 
ripheral functions, increased data memory or both. The 
system reduces the number of cycles required to access 
an external device in an 8051 architecture system by 
providing access to external devices as if they were 
architecturally internal devices. 

19 Claims, 11 Drawing Sheets 

PORT o 
_ 324 
:1 _ J 74 CODE 

PORTD 5 f ' 4k MEMORY : 

8051 : ALE J (EPROM) 5 

Deva" “"2 J I r : 
ENHIENCED PORT2 E1 '_ iii/cs IOE 
HOOKS : M 314 
MODE lPSEN 326 334 ( r 

1k }EXPANSION INPUT PORT 
30k '1" _3 $10 ELLRD /|o SELO RD I 328 
g __ /|o§ELO_vrr - - ' 

E —;:a-2sa m DECQDER :?g-gggglé .: f @ }EXPANSION OUTPUT PORT 
as ‘ #1832313}; t . 
/EA \ I /10.__ADR13 /‘°—SEL°—WT ' 

RS1 \\ \szo _;l8'\iii 
FROM RESET LOGIC 322318 E/IOIPIN 31 0 

PORT 2 <7 L I EP 
_ A . 1k Ergo EXPANSIDN 1/0 PORT 

gixggtgihws .3. custom "308 “65%,; 
0 Amino5 MEMORY /|o ADROOE DEVICE ' ?ow" 

| _ _ _ — = _ 

ZION)?‘ __ /IO_ADRO1__ E)>cusr<m 1/0 /10_P|N 
lO__AD 12- = 

/no ADR13_ /K>_RD - 
7l0_RD __ / 10 
/|0_ _ /IO_PIN__ 



US. Patent June 20, 1995 Sheet 1 of 11 5,426,769 

EXTERNAL 
INTERRUPTS 

4K 
INTERRUPTP ROM 12a BYTES WW ‘_ COUNTER 
CONTROL “J RAM T‘MERO ‘" 'NPUTS 

/\ z 

102 
CPU (1 

I I u \/ 
SERIAL 050 605%“ 4 I/O PORTS PORT 

I; l- TXD RXD 
P0 P2 P1 P3 
;_Y__J 

Fla 1 ADDRESS/ . —- DATA 

FFHI'I-AEEEEEI-BE ACCESSIBLE FF“ 
UPPER :BY INDIRECT BY DIRECT 
I28 :AD%RNELSYSlNG ADDRESSING 

80H 80H 
7FH ACCESSIBLE \SPECIAL PORTS 

LOWER BY DIRECT STATUS AND 
128 AND INDIRECT FUNCT'ON CONTROL ans 

0 ADDRESSING REGISTERS TIMER 
REGISTERS 
STACK POINTER 
ACCUMUUITOR 

FIG. -2 ETC-I 







US. Patent June 20, 1995 Sheet 4 of 11 5,426,769 

ml: 
.QDN 

_ _ _ 

Ewen» l I i I l l I i l I 

Em SE28 Ill-?ll. F]. 
L 

TI! 
|_ 

580% _ g2 _ 

_ 

E352 _ 05oz. _ 
L 

w New 

mldbw 

won ..\ 

Emu zumi 5< mam sEom 



US. Patent June 20, 1995 Sheet 5 0f 11 5,426,769 

602 

A604 

so 
( 

L..- J___ L. 

FROM #0302 

DATLSFR 

LUTP w 
.VUQI LUI L... 

FIG-6A 

MATCHO 

MATCH1 I 

MATCHn 

ROW 
POINTER 

FIG-6B 

MATCH US 
FIG-6C 







US. Patent June 20, 1995' Sheet 8 of 11 5,426,769 

@5165“ \55 5; m2: 2 “£42: a; 5 52 m2; 2 us 22 5E 53 2a 2 um: 58 <5 

7 N E: 

VA 50 Em E X50 “2% z_ 2: E2 X50 ~a<vA 5o Em 2 X50 “EVA 

e E2 

Q z_ 96 Caz X50 KEVOA z_ “2 Em X50 590A z_ 38% X50 “EVA 

, Kai é 
5< 

IIIL FII|IL _I|I||L TIL _ E E5 _ um E5 _ mm 55 _ w... B5 _ um HE: Ma 55 _ E E5 _ Ma 55 _ Ma 35 _ 1] ill; TIL _l|._ _ wiJ. TIL _ WIJ _ll_ _ :55 _ Q M25 m 55 _ v HE _ m :5 _ N NEE IE5 _ w 55 _ m “55 _ =5 







US. Patent June 20, 1995 Sheet 11 of 11 5,426,769 

aim 5“ @ Sang 

tmlamlwam 506 JAZMJE 
zilmnE 

calm“: :mlEm :mNnE 

maximum / 
Rn: 

3% ® @2115 

:aIamINam hlamam 

EamINAE mam Imam 
awn: 

:mIEm :aNam 

aim 2% @ 251g 

wEmrNam 
tmlamlmam Emma 

mam Nam 

HEJZQ 
mma 

Rn: awn: 
ESE 

a<am 3mm mmm 

wzEINnE 

mEmINHE 
cmlamlmam 

vamluam 

:mEm 
5: 

<~ Tho; 20E 



5,426,769 
1 

SYSTEM AND,METHOD FOR PRODUCING 
INPUT/ OUTPUT EXPANSION FOR SINGLE CHIP 

MICROCONIPUTERS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to microcom 

puter architecture and to a system and method for pro 
ducing input/output expansion for single-chip mi~ 
crocomputers. More particularly, the present invention 
relates to a system for permitting addressable peripheral 
functions associated with dedicated internal addresses 
of a microcontroller to exist physically external to a 
microcontroller and yet interface to the program being 
executed by the microcontroller as if they were internal 
to the microcontroller. 

2. Related Art 
Soon after the development of the microprocessor, 

semiconductor process technology advanced to the 
point where it became possible to integrate enough 
Read Only Memory (ROM) and Random Access Mem 
ory (RAM) on a single chip, along with a Central Pro 
cessing Unit (CPU) to make a useful single-chip mi 
crocomputer. These single-chip microcomputers are 
often referred to as microcontrollers. Typically, a mi 
crocontroller includes a ROM for storing one or more 
software programs, RAM for storage of variables used 
by the program(s) during operation, a CPU for per 
forming various arithmetic and logical functions and a 
plurality of Input/Output (I/O) lines. These I/O lines 
are often viewed in groups of eight and the groups are 
referred to collectively as I/O ports, or simply ports. 
Sometimes individual I/O lines are referred to as port 
pins. Microcontrollers also often include on-chip pe 
ripheral functions such as timers, counters, serial or 
parallel communication channels, A/D converters, and 
D/ A converters. Representative examples of microcon 
trollers described above are the well-known 68HC11 
(manufactured by Motorola Corp.) and the 8051 family 
of microcontrollers (manufactured by Intel Corporation 
of Santa Clara, Calif, Signetics Corporation of Sunny 
vale, Calif. (Signetics is also known as Phillips Semicon 
ductor), and others). As a particular example, the 8052 
microcontroller, a member of the 8051 microcontroller 
family, includes in addition to a CPU, a 256 byte RAM, 
an 8192 byte ROM, an interrupt controller, a full duplex 
Universal Asynchronous Receiver/Transmitter 
(UART), three 16 bit timer/counters, and four 8 bit 
general purpose I/O ports. FIG. 1 is a block diagram 
showing the architecture of the 8051. 
The 8051 family uses what is called a Harvard archi 

tecture. That is, program code memory and data mem 
ory are separated into different address spaces. The 
8051 family further distinguishes between internal data 
memory and external data memory. A map of internal 
data memory is shown in FIG. 2. The three portions of 
internal data memory are called the lower 128, the 
upper 128, and the SFR space. The SFR space can only 
be accessed directly, and any access to an SFR includes 
always having the SFR address on the instructions bus. 
Internal data memory addresses are eight bits wide 
which generally implies an address space of 256 loca 
tions. SFRs include the PORT latches, timers, periph 
eral controls and so on. 

Microcontroller peripheral functions are typically 
controlled by accesses to (i.e., read and or write transac 
tions with) a set of on-chip registers that provide con 

F. O 

40 

45 

55 

65 

2 
trol bits, ?ags and data transfer between the peripheral 
function and the on-chip CPU. These peripheral func 
tion control registers are typically dedicated internal 
addresses. They are designed that way to optimize per 
formance. In the case of the 8051 family of microcon 
trollers, the dedicated internal addresses used to access 
the peripheral functions are called Special Function 
Registers (SFRs). Transactions with SFRs (i.e., reading 
from and writing to SFRs) are done completely internal 
to 8051 family microcontroller chips, with no external 
visibility. As shown in FIG. 2, the 8051 family architec 
ture provides 128 dedicated internal addresses which 
are set aside for SFRs. Only a small number of these 128 
addresses are typically used in any particular 8051 fam 
ily device. For example, the 8052 device described 
above uses only 26 SFRs to handle all its peripheral 
functions. In summary, with respect to 8051 architec 
ture microcontrollers, SFRs and external memory re 
side in different address spaces and the software re 
quired to access SFRs is different from the software 
necessary to access external memory. This architectural 
scenario exists for other microcontrollers as well. 
When a microcontroller is used in a particular appli 

cation, additional peripheral functions are typically 
added to the system in order to customize it. These 
additional peripheral functions are, of necessity added 
external to the microcontroller. If the microcontroller 
used in the system is an 8051 microcontroller, it is cur~ 
rently impossible to access these external peripheral 
functions using the high performance SFR access 
method. Instead, the external peripheral functions are 
required to be mapped, to the External Data Memory 
space. Accessing the External Data Memory space is 
slow and cumbersome as compared to accessing the 
SFR space. 

In order to illustrate the performance differential 
between accessing a peripheral function in SFR space 
and a similar peripheral function in External Data Mem 
ory space, two program segments that perform the same 
function are presented in Tables I and II below. Both 
program segments test a bit in a control register, and if 
set, each of the program segments then directs the read 
ing of data from a Buffer Register followed by a store 
operation to a RAM-based variable. Table I shows how 
this function is accomplished in SFR space, and Table 
II shows how this function is presently accomplished 
when the control register of the peripheral function is in 
external data memory space. 

TABLE I 
J'NB status_?ag, not_done 2 cycles 
MOV variable, datLregister 1 cycle 
total cycles for conventional internal 3 cycles 
access 

TABLE II 
MOV DPTR, #status_address 2 cycles 
MOVX A, @DPTR 2 cycles 
J'NB acc.status_flag, not_done 2 cycles 
MOV DP'I'R, #data__register_address 2 cycles 
MOVX A, @DPTR 2 cycles 
MOV variable, A 1 cycles 
total cycles for conventional external ll cycles 
RCCCSS 

Note that eleven machine cycles are required for the 
program segment using an external-memory-space 
based status ?ag and data register, while only three 
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machine cycles are used with an SFR-space-based sta 
tus ?ag and data register. Additionally, it should be 
noted that the code density for the program segment 
using an external-memory space-based status ?ag is 
poor compared to the code density of a program seg 
ment using an SFR-space-based status ?ag. 

In view of the signi?cant performance gap between 
operations performed on internal data memory and 
external data memory, there is a need for a system and 
method to access physically external memory and I/O 
devices as if they were mapped into SFR space. 
A system for treating external registers of peripheral 

functions as if they were a part of the internal fast access 
memory space of a microcontroller is disclosed in U.S. 
Pat. No. 4,878,174 issued to Watkins, et al. The disclo 
sure of Watkins, et al., teaches the desirability of treat 
ing external memory, or peripheral device control reg 
isters, as if they were part of the internal fast access 
memory space. Watkins, et al., at col. 2, lines 39-45 
describes “adding the registers associated with these 
dedicated functions to the internal register ?le of the 
microcomputer.” FIG. 3 of Watkins, et a1., shows the 
addition of a dedicated port to a microcontroller in 
order to effectively couple a corresponding external 
memory or peripheral control register to the internal 
bus of the microcontroller. More speci?cally, Watkins, 
et al., appear to teach adding a register, register address 
decoding logic, port pads and input/output buffers to 
the same substrate on which the microcontroller is 
formed. This dedicated port would then be coupled to 
an external dedicated logic block. However, not only 
does this approach require additional pins on the mi 
crocontroller and a special package to accommodate 
those pins, more importantly this approach requires a 
customized chip. This method also seems to be limited 
because over 800 additional pins would be required to 
implement the full set of available SFR addresses, and 
such packaging either does not exist or is too expensive 
to implement for a low-cost microcontroller system. 
Although many peripheral functions in a system are 

added external to the microcontroller, continuing ad 
vances in semiconductor technology now permit the 
incorporation of some of these external peripheral func 
tions onto the same substrate in which the microcon 
troller itself is formed. Generally, an ASIC design ap 
proach is used to produce such a microcontroller with 
a unique set of peripheral functions. ASIC design meth 
odology can reduce the time to market for an IC, but 
the tradeoff is generally a less ef?cient logic and layout 
design than could have been achieved by skilled human 
IC designers. Although quick time to market is very 
important in this industry, a particularly troubling as 
pect of this design approach is the large chip size which 
results since manufacturing yield is inversely propor 
tional to chip size. Also, it is difficult and time-consum 
ing to simulate a large, complex design with currently 
existing software simulation tools. 

Furthermore, microcontrollers of the type discussed 
herein are typically found in embedded applications. 
That is, unlike a computer system designed to communi 
cate with a user, these microcontrollers often form a 
substantial part of a low-cost control system which does 
not have facilities for communicating with a user. This 
tends to make the debugging portion of a product devel 
opment cycle more dif?cult. One solution created to 
address this problem is the in-circuit emulator (ICE). 
The ICE is typically comprised of hardware and soft 
ware. The ICE permits the development engineer to 
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4 
monitor and analyze the activity of a microcontroller as 
it operates in a target system. Unfortunately, some of 
the commercially available microcontrollers do not 
provide a straightforward way to access data and sig 
nals that exist internal to the microcontroller. Conse 
quently, microcontroller manufacturers responded by 
providing a special, more costly to produce, version of 
the microcontroller called a bond-out chip. The bond 
out chip contained extra bonding pads, buffers, and 
signal interconnect, and typically required a different 
package. The bond-out chips can be used in an ICE so 
that activity internal to the microcontroller is easy to 
monitor. 
A lower cost solution to the problem of observing 

internal activity of the microcontroller involves using a 
standard microcontroller, (i.e., not a bond-out chip) and 
recreating, external to the microcontroller, some of its 
I/O ports and registers. However, recreation of, for 
example, PORTO and PORT2 for emulation of 8051 
family microcontrollers has conventionally required a 
substantial amount of circuitry. For a discussion of 
circuitry used in supporting emulation of single-chip 
microcontrollers see U.S. Pat. No. 4,939,637 issued to 
Pawloski, and incorporated herein by reference as if 
fully set forth below. 
What is needed is a system and method for treating 

memory and/or peripheral device control registers 
which are not integrated onto a single-chip microcom 
puter as if they were part of the internal address space. 
In this way read/write transactions with physically 
external memory and peripheral control registers can be 
accomplished with greater speed and higher code den 
sity. What is further needed is a system and method for 
expanding the amount of data memory that can be used 
by a microcontroller. What is still needed is a system 
and method for supporting emulation of single-chip 
microcontrollers. What is still further needed is a sys 
tem and method for supporting low-cost, fast prototy 
ping of ASIC microcontrollers. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention 
to provide a microcontroller system wherein dedicated 
internal addresses can be used to access hardware that is 
physically external to the microcontroller chip, without 
a degradation in performance as compared to corre 
sponding on-chip accesses. 

It is a further object of the present invention that 
instructions that operate on dedicated internal addresses 
will operate in the same manner on the dedicated inter 
nal addresses that reside external to the microcontroller 
chip. 

It is a further object that the cycle timing of all in 
structions that operate on dedicated internal addresses 
will be the same regardless of whether the dedicated 
internal address is integrated on the microcontroller or 
resides external to the microcontroller. 

Brie?y, the present invention provides a system and 
method for expanding memory, I/O capabilities, and 
peripheral functionality of 8051 architecture computer 
systems. The system or the present invention, as shown 
in FIG. 3, contemplates three major blocks. The first 
block is a microcontroller 302 having a slightly modi 
?ed 8051 architecture. The second block is an expansion 
decoder 364, and ?e third block is made up a family of 
expansion devices 306-314 for use in conjunction with 
the modi?ed 8051 microcontroller 302 and expansion 
decoder 304. 
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Referring to FIGS. 4A and 4B, microcontroller 302 
having an 8051 architecture is modi?ed such that it can 
efficiently interface and interact with the above-noted 
expansion decoder and expansion devices. These modi 
?cations include changing the functionality of the EA 
line 320 so that the state of this signal is latched during 
reset of microcontroller 302. A latch 404 is provided 
this purpose. This internally latched value is used to 
determine whether to operate in ROM or ROMless 
mode. After reset, EA operates as a bi-directional con 
trol pin that, as an output indicates whether the current 
bus cycle is an instruction fetch, and, as an input, speci 
?es that the microcontroller shall read the data present 
on a certain I/O port. A further modi?cation is that, 
when operating in this enhanced mode, the data on the 
internal bus of microcontroller 302 is transferred to the 
PORT2 pins every State 6 Phase 2. In this way the 
internal write data stream is available to an external 
expansion device. 
A still further modi?cation is to include a bit 406 

within microcontroller 302 of the present invention, the 
state of which is indicative of whether the microcon 
troller shall operate in a normal ROM or ROMless 
mode, or in an enhanced ROM or ROMless mode. In 
the normal modes the microcontroller would operate as 
one or the 8051 family architecture microcontrollers. In 
the enhanced mode, the hardware changes of the pres 
ent invention cause the operation of the microcontroller 
to be modi?ed as discussed in the previous paragraph. 
Of course, whether instruction are fetched from internal 
or external program memory does not affect the timing 
relationship between microcontroller 302 and expan 
sion decoder 304. Selection of normal versus enhanced 
mode can be done by writing a code into the microcon 
troller during the reset period that is latched internally, 
and decoded to select the mode of operation. Alterna 
tively, rather than actually writing a code to the mi 
crocontroller, predetermined voltage levels can be ap 
plied to pins such as ALE and PSEN during the reset 
period. These voltage levels are decoded to determine 
which mode of operation has been selected. Circuits for 
decoding predetermined voltage levels in this way are 
well known to VLSI circuit designers of ordinary skill. 
A further alternative, as shown in FIG. 4A, is to pro 
vide input signals of both ALE and a port pin, e. g., P2.7, 
logically combine these signals, and store the result 
during reset into latch 406. 

Expansion decoder 304 determines whether the pres 
ently fetched instruction is one which may operate on 
an SFR address, and if so, it further examines and de 
codes the SFR address associated with the current in 
struction. If the SFR address is one which is physically 
external to the 8051, Expansion Decoder 304 produces 
the appropriate read and/or write control signals for 
accessing the external SFR. Expansion Decoder 304 
may contain either a ?xed or programmable table of 
valid external SFR addresses. External SFR addresses 
represent devices which provide the microcomputer 
system with additional peripheral functionality, in 
creased data memory or both. By providing the means 
to access external devices as if they were architecturally 
internal devices, the present invention reduces the num 
ber of clock cycles conventionally required to access an 
external device in an 8051 architecture system. Since 
reduced cycle time is achieved for transactions with 
external registers, microcontroller 302 of the present 
invention can be run at a lower clock speed and still 
provide performance equivalent to a conventional mi 
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6 
crocontroller tutoring at higher speed. This ability can 
be used to reduced power consumption. An internal 
block diagram of the Expansion Decoder is shown in 
FIG. 5. 
Expansion I/O devices 306-314, as contemplated 

herein, refer to a family of circuits which are operable in 
the system of the present invention. Expansion I/O 
devices 306-314, although physically external to mi 
crocontroller 302, are accessed by the SFR access 
mechanism thereby effectuating high performance op 
eration notwithstanding their existence being physically 
separate from microcontroller 302, i.e., not fabricated 
on the same substrate as microcontroller 302. An expan 
sion I/O device 306-314 may be a low complexity cir 
cuit such as an addressable input poll 314, or an address 
able output port 312. An expansion I/O device 306-314 
may be a moderate complexity circuit such as an ad 
dressable input/output port combined with a small 
amount of addition logical functionality 310, or an ad 
dressable analog-to-digital or digital-to-analog con 
verter (not shown). An expansion I/O device 306-314 
may be a highly complex circuit such as a multi-fimc 
tion device containing expansion memory, timers, 
counters, interrupt logic and other special functions 
de?ned by a user. FIG. 3 shows the general architec 
tural features of Expansion I/O device 306-314 accord 
ing to the present invention. 
An advantage of the present invention is that a large 

number of storage locations that are physically external 
to the microcontroller chip can be incorporated into the 
dedicated internal address space. 
A further advantage is that an in-circuit emulator 

embodying the present invention can be realized with 
out the use of a special bond-out microcontroller chip. 
A further advantage of the present invention is re 

duced power consumption that results from increased 
program code density. 
A further advantage of the present invention is re 

duced RF emissions and easier certi?cation by the 
United States Federal Communications Commission of 
products containing the present invention. This advan 
tage results from the fact that certain functions can be 
achieved more time-efficiently and therefore the mi 
crocontroller can be run at lower clock speed and still 
achieve a level of functionality requiring higher clock 
speeds from conventional microcontroller systems. 
A further advantage of the present invention is that 

the dedicated internal addresses provided external to 
the microcontroller chip can be used as the status, con 
trol and data registers of peripheral functions. 
A further advantage of the present invention is that 

the dedicated internal addresses provided external to 
the microcontroller chip can be used as the address and 
data registers of RAMs. 
A further advantage of the present invention is the 

ability to build a microcontroller in-circuit-ernulator 
without a bond-out version of the microcontroller. 
Other objects and advantages together with a fuller 

understanding of the invention will become apparent 
and appreciated by referring to the following descrip 
tion and claims taken in conjunction with the accompa 
nying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing the architecture of 
a conventional microcontroller of the 8051 family. 
FIG. 2 is a memory map diagram of the 8051 family 

architecture internal data memory. 
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FIG. 3 is a block diagram of a computer system em 

bodying the present invention. 
FIGS. 4A-4B are logic diagrams showing circuitry 

for entering enhanced mode operation as well as for 
generating necessary control signals. 
FIG. 5 is an internal block diagram of the Expansion 

Decoder of the present invention. 
FIGS. 6A-6C show several embodiments of the ex 

ternal SFR address decoder. 

5,426,769 

FIGS. 7A-7F show alternative implementations of 10 
peripheral function control signal encoding. 
FIG. 8 is an internal block diagram of an expansion 

memory device. 
FIG. 9 is an internal block diagram of a multifunction 

device that incorporates both an expansion decoder 
block and other functions in a single package. 
FIG. 10 is a timing diagram illustrating the operation 

of enhanced mode. 
FIGS. 11-13 are a hierarchical description of logic 

for implemeting recreated ports. 

DETAILED DESCRIPTION OF THE. 
INVENTION 

1.0 Terminology 
This section is intended to clarify language use by 

providing alternative terms for some of the expressions 
used herein, where such alternative terms are known to 
exist. The lists of alternative terms and expressions are 
not necessarily exhaustive, nor are they intended to be 
interpreted as limiting the scope of the invention, or 
range of equivalents in any way. 
The terms chip, semiconductor device, integrated 

circuit (IC), monolithic integrated circuit, microelec 
tronic device, and similar variants are used interchange 
ably herein, and microelectronic device is considered to 
be the broadest term, encompassing the others. Addi 
tionally, chip, microchip, and die all refer to a single 
piece of semiconductor material (usually silicon). With 
respect to these microelectronic devices, signals are 
coupled between them and other circuit elements via 
physical, electrically conductive connections. The 
point of connection is sometimes referred to as an input, 
output, terminal, line, pin, pad, port, interface, or similar 
variants and combinations. Those of ordinary skill in 
this ?eld will recognize these terms, variants and equiv 
alents. 
The term byte is used, as is conventional in this ?eld, 

to mean eight bits. 
The acronym ASIC stands for Application Speci?c 

Integrated Circuit. At this time in the semiconductor 
industry, ASIC has come to mean an integrated circuit 
whose function is particularly designed to meet a cus 
tomer’s application, and more particularly it has come 
to mean an IC design approach which obviates full 
custom (i.e., handcrafted) integrated circuit design. 
Typical examples of ASIC design include logic synthe 
sis software in combination with routing software for 
specifying the interconnection of gates in a gate array, 
or the selection and interconnection of logic cells from 
a cell library. 
The terms single-chip microcomputer, microcon 

troller, embedded controller, embedded processor and 
similar variants are often used interchangeably in this 
?eld and are generally meant to include single-chip 
digital data processing devices such as those exempli 
?ed by the 8051 family of microcontrollers. More par 
ticularly, and depending on context, the term 8051 can 
be used either to refer to the whole family of microcon 
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8 
trollers that execute the well-known 8051 instruction 
set, regardless of manufacturer, memory size, number 
and type of peripheral functions, or the size and form of 
package; or it can be used speci?cally for a particular 
instance of the 8051 family. The term 8051 is used 
herein to refer to all family members that execute the 
8051 instruction set. 
The term peripheral function refers to circuits, or 

devices, that have functions usually considered periph 
eral to those of the CPU in a computer system. For 
example, a Universal Asynchronous Receiver/Trans 
mitter (UART), a Direct Memory Access (DMA) con 
troller, a Counter/Timer, or other such devices are 
typically referred to as peripheral devices, or peripheral 
functions (or sometimes as peripheral function devices). 
These peripheral devices typically have registers which 
are read and/or write accessible by the CPU (i.e., mi 
croprocessor or microcontroller) of the system. The 
aforementioned registers are used within the peripheral 
devices to hold data for command, mode, status, data 
reception, data transmission, and similar flmctions. Con 
ventionally, the CPU communicates with peripheral 
devices by reading and writing the peripheral device 
registers. In this ?eld of endeavor, the term Special 
Function Register (SFR) is often used interchangeably 
with peripheral function 
The terms Expansion I/O port, Expansion I/O de 

vice, peripheral function, and SFR address are, depend 
ing on the context, used interchangeably. The Expan 
sion I/O ports of the present invention are read and 
written by accessing a physically external SFR address. 
A computer, whether a large or small system, a mi 

croprocessor or a microcontroller, is often referred to, 
in this ?eld, as a machine. For example, the “state of the 
machine” generally refers to the logical state of the 
computer as manifested by the state of substantially all 
the storage bits therein. Additionally, both complete 
computer systems and CPUs are sometimes referred to 
broadly as programmed data processors. The term, 
programmed data processor, is used herein to encom 
pass all manner of computing, or data processing, ele 
ments such as microprocessors, microcomputers, and 
any functionally equivalent device or system. 
Enhanced mode is used herein to refer to a mode of 

operation of the microcontroller of the present inven 
tion. In enhanced mode the instruction stream and inter 
nal write data stream are available for external examina 
tion, and the EA signal pin becomes a bi-directional 
control signal pin. 

Positive logic is used in the description of the logical 
circuits and operation of the present invention. In other 
words, signals are inactive (or deasserted) when they 
are in a low state, and active (asserted) when they are in 
a high state. When 'a signal name used herein is pre 
ceded by a slash (/), that signal is low active, that is, 
asserted when in a low state, and deasserted whenvin a 
high state. 

Discussions of power consumption herein all refer to 
the relationship P=CV2f wherein P is power, C is ca 
pacitance, V is voltage, and f is frequency. It can be seen 
that power is directly proportional to both frequency 
and the magnitude of the capacitance that must be 
charged and discharged. Power is proportional to the 
square of the voltage. 
2.0 8051 Machine Cycles and Bus Timing 

In order to understand the detailed operation of the 
present invention, it is necessary to be familiar with the 
internal state timing of the standard 8051 implementa 
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tion as well as the bus timing for program fetches and 
data transfers. A discussion of this timing can be found 
in Chapter 5 of “S-Bit Embedded Controller Hand 
book”, Intel Corp., 1989, portions of which are adapted 
below. 

In 8051 family devices, an internal clock generator 
de?nes the sequence of states that make up the machine 
cycle. A machine cycle consists of a sequence of 6 
states, referred to as S1 through S6. Each state time lasts 
for two oscillator periods. Thus a machine cycle takes 
12 oscillator periods or 1 microsecond if the oscillator 
frequency is 12 MHz. 
Each state is divided into two halves, a Phase 1 and a 

Phase 2, respectively referred to as P1 and P2. Nor 
mally two program fetches are generated during each 
machine cycle, even if the instruction being executed 
does not require it. If the instruction being executed 
does not require more code bytes, the CPU simply 
ignores the extra fetch, and the Program Counter is not 
incremented. 

Execution of a one-cycle instruction begins during 
State 1 of the machine cycle, when the opcode is 
latched into the instruction register. A second fetch 
occurs during S4 of the same machine cycle. Execution 
is complete at the end of S6 of this machine cycle. 
The MOVX instruction takes two machine cycles to 

execute. No program fetch is generated during the sec 
ond cycle of a MOVX instruction. This is the only time 
program fetches are skipped. 
The fetch/execute sequences are the same whether 

the Program Memory is internal or external to the chip. 
Execution times do not depend on whether the program 
memory is internal or external. If program memory is 
external the signal /PSEN is normally asserted twice 
per machine cycle (i.e., all of S3 and the ?rst half of S4, 
and all of S6 and the ?rst half of S1). 
For access to external data memory, two /PSENs are 

skipped because the address and data bus are being used 
for the data memory access. A data memory access 
takes twice as long as a program memory bus cycle. 

Internal data address is on the internal bus (IB) during 
S4P2. Internal read data is on the IB during S5P2. Inter 
nal write data is on the IB during S6P2. 
EA gated S5P2 is used for external SFR read data. 

3.0 Internal Data Memory and Special Function Regis 
ter Address Space 
The 8051 family uses what is called a Harvard archi 

tecture. That is, program code memory and data mem 
ory are separated into different address spaces. The 
8051 family further distinguishes between internal data 
memory and external data memory. A map of internal 
data memory is shown in FIG. 2. The three portions of 
internal data memory are called the lower 128, the 
upper 128, and the SFR space. The SFR space can only 
be accessed directly, and any access, to an SFR includes 
always having the SFR address on the instructions bus. 
Internal data memory addresses are eight bits wide 
which generally implies an address space of 256 loca 
tions. SFRs include, but are not limited to, PORT 
latches, timers, peripheral controls and the like. 
4.0 Overview 
The present invention, having a modi?ed 8051 archi 

tecture microcontroller 302, an external Expansion De 
coder 304, and at least one external Expansion I/O 
Device 366-314, allows the addresses of SFRs to be 
mapped externally from microcontroller 302 and also 
allows them to be accessed as if they were on-chip. (The 
external Expansion I/O Devices are also referred to 
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10 
herein as Expansion I/O Ports.) Thus, an 8051 family 
member part like the 800451, which uses 23 out of 128 
SFR addresses, would be able to directly access up to 
105 (i.e., 128-23) expansion I/O ports. 
There are three major functions incorporated into the 

present invention, and associated with the aforemen 
tioned three major blocks. The ?rst major function is 
latching instructions and SFR addresses and decoding 
them. Logic external to the microcontroller 302 is cou 
pled to PORTO data bus 324 and is operable to latch 
instructions and SFR addresses as they are read from 
code memory during program execution. All instruc 
tions that operate on SFRs are fully decoded by this 
external logic to determine read, write, read-modify 
write, bit and address sequencing. Additionally, all SFR 
addresses are decoded to determine if an Expansion I/O 
port 306—314 is being addressed. This function of decod 
ing instructions and SFR addresses is contained in a 
single logical block called the Expansion Decoder. 
As discussed in the Background section above, US. 

Pat. No. 4,878,174 to Watkins, et al., discloses treating 
external registers as part of the internal memory address 
space. However, it can be seen in FIG. 3 of Watkins, et 
al., that an extra port is to be added for each new exter 
nal register in order to provide a connection for that 
register to the internal data bus of the microcontroller. 
Of course, extra pins and packaging resources are re 
quired to incorporate these additional ports. The pres 
ent invention is quite different in that no costly addi 
tional pins are needed. The architecture of Watkins, et 
al., is limited by the number of pins that can physically 
be implemented. Another disadvantage of the Watkins, 
et al., architecture is that the additional ports produce 
extra parasitic loading on the internal bus which limits 
the maximum clock rate that can be achieved and also 
requires that more power be consumed during the 
charging and discharging of this extra parasitic capaci 
tance. 

The present invention is far more ?exible than Wat 
kins, et al., in that the number of external SFRs can be 
(1) large, and (2) easily changed. The present invention 
takes advantage of the 8051 architecture internal timing 
and small circuit changes in the PORTO and PORT2 
logic to provide the contents of the internal bus to the 
outside world. In this way, the Expansion Decoder is 
able to facilitate high-ef?ciency communication be 
tween the microcontroller and a large number of exter 
nal peripheral functions. 
The second of the three major functions is providing 

for data movement between Expansion I/O ports 
306-314 and microcontroller 302. This is accomplished 
by coupling PORT2 to an I/O Expansion Bus 326. 
PORT2 multiplexes its I/O Expansion Bus 326 duties 
with its conventional function of outputting the high 
byte of address. 
The third major function is providing a bidirectional 

control signal pin on microcontroller 362 that signals 
the type of memory transaction that is in progress. More 
particularly, this pin, as an output signal speci?es 
whether the current fetch cycle is the ?rst fetch (i.e., the 
opcode byte) of an instruction. This output signal is 
received, in the present invention, by expansion de 
coder 304 and used to facilitate the synchronization of 
expansion decoder 304 to microcontroller 362. As an 
input this pin is driven with a signal which is indicative 
of whether external data is to be read. In the preferred 
embodiment, the /EA pin 320 is used for this bidirec 
tional control signal pin. 
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5.0 Structural Description 
5.1 The Modi?ed 8051 Architecture 
All of the three functions noted above are accom 

plished with only minor changes to the conventional 
functionality of PORTO, PORT2, and /EA pin 320. No 
other conventional functions or characteristics of the 
microcontroller are changed. As mentioned above, in 
operation /EA will indicate when an instruction fetch 
cycle is occurring, this can provide substantial savings 
with respect to the amount of logic (a sequencer, for 
example) required to synchronize microcontroller 302 
to expansion decoder 304. 
The enhanced mode of operation may be controlled, 

that is selected, via software by using a bit in an on-chip 
SFR. Enhanced mode may also be selected by applying 
a predetermined combination of voltages to certain pins 
during reset. When enhanced mode is enabled the mi 
crocontroller operates normally except for the follow 
ing changes: 

1) All code memory accesses are forced external. 
Since Expansion Decoder 304 needs to monitor the 
instruction stream, this is a simple and straightforward 
way of achieving instruction stream visibility external 
to microcontroller 302. This embodiment also mini 
mizes the amount of change that must be made to an 
existing microcontroller architecture to achieve the 
aforementioned instruction stream visibility. 

2) PORTO and PORT2 on-chip addresses are dis 
abled. That is, any instruction that uses PORTO or 
PORT2 SFR addresses will operate as if those PORTS 
were not implemented. This effectively makes PORTO 
and PORT2 external SFR addresses. (This is an impor 
tant feature for building in-circuit emulators, as well as 
Multi-Chip Modules (MCM) containing a microcon 
troller and a non-volatile memory such as an EPROM.) 

3) The PORT2 SFR is written to every S6P2. This 
allows the data from any write instruction to be cap 
tured and stored for later output. 

4) The PORT2 SFR drives the PORT2 pins every S1. 
This allows the data captured as described above to be 
made available externally and conditionally latched into 
an Expansion I/O Port. 

5) The PORT2 pins are sampled every S4P2. This 
allows data from any Expansion I/O Port 306-314 to be 
captured and stored for later transfer to Internal Bus 
102 (microcontroller internal bus) of microcontroller 
302. 

6) The sampled PORT2 pins are conditionally driven 
onto microcontroller internal bus 102 during S5P2. 

7) Pin /EA 320 becomes a bi-directional control sig 
nal. In accordance with the present invention, pin /EA 
320 is an output when /PSEN 318 is low and an input 
when /PSEN 318 is high. When /PSEN 318 is low, 
microcontroller 302 will drive pin /EA 320 low when 
the current memory access is the ?rst access of a new 
instruction (i.e. the instruction fetch cycle). This en 
sures that Expansion Decoder 304 will remain synchro 
nized to microcontroller 802. When /PSEN 318 is high, 
Expansion decoder 304 will drive /EA 320 low when 
the current instruction requires a read (i.e., input) from 
an Expansion I/O port 306-314. Assertion of /EA 320 
during S5 will result in the microcontroller PORT2 
logic driving the PORT2 pin data that was sampled 
during S4P2 onto microcontroller internal bus 102. 

Since the address/data functionality of PORTO does 
not change, all memory accesses are identical to the 
standard ROMless mode timings. Standard EPROMs, 
or EPROM chip(s) in an MCM together with the mi 
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12 
crocontroller of the present invention, can be used with 
a microcontroller of the present invention operating in 
enhanced mode. However, it should be noted that 
PORT2 is now a multiplexed bus and will require an 
address latch similar to PORTO. 

5.2 The Expansion Decoder 
Since Expansion I/O Ports 306-314 use SFR ad 

dresses that are not implemented on microcontroller 
302, it is essential that expansion decoder 304 know 
which SFR addresses are reserved for use by microcon 
troller 302 with which it operates, and which SFR 
addresses are used in the application system. This is 
complicated by the fact that different microcontrollers 
use different SFR addresses. There are two solutions to 
this problem. A ?rst solution is to hardwire the ad 
dresses and only use the set of SFR addresses that are 
not used by any presently existing 8051 family mi 
crocontroller. However, this will limit the maximum 
number of Expansion I/O Ports as well as put severe 
restrictions on the compatibility of future 8051 family 
microcontrollers. A preferred solution is to make the 
external SFR addresses user programmable. User pro 
grammability can be achieved by reserving one ?xed 
SFR address in expansion decoder 304. As shown in 
FIG. 6A, the ?xed SFR address, a register 604 in this 
case, is then loaded from the instruction stream with 
data that maps (i.e., programs) an address comparator 
602, 606 within expansion decoder 304 with an SFR 
address speci?ed by the user. The Expansion I/O Port 
addresses then become completely programmable, lim 
ited only by the number of address comparators on a 
speci?c implementation of expansion decoder 304. In 
other words, in a limited ?exibility implementation, the 
decoding of external SFR address(es) may be mask-pro 
grammed onto expansion decoder 304, while in a more 
?exible approach, the external SFR address(es) to be 
decoded are speci?ed to external expansion decoder 304 
by stored instructions executed by microcontroller 302, 
(i.e., under program control). It will be appreciated by 
those skilled in this ?eld that the external SFR ad 
dress(es) speci?ed, under program control, for decod 
ing, can be changed at any time under program control. 
Of course, as shown in FIG. 6B, the external SFR 

decoding may be done by means of a Content Address 
able Memory (CAM) 650 that has a width equal to the 
number of address bits that the user desires to match, 
and a depth equal to the user’s desired number of exter 
nal SFRs. This technique is like the well-known method 
used in microprocessors with on-chip cache tags for 
determining whether the data from a particular address 
is present in the cache. In other words, a cache hit signal 
is the equivalent in the present invention of a valid 
external SFR address decode. Again, those skilled in 
the art will recognize that CAM 650 depth may be less 
than the total number of external SFRs. In this case, 
CAM 650 will need to be reloaded under program con 
trol when the program needs to access an external SFR 
address which is not in CAM 650. Chip real estate is 
saved in this way, but performance is degraded. 
As shown in FIG. 6C, another alternative for decod 

ing SFR addresses in expansion decoder 304 is a hybrid 
of the mask-programmable approach and the instruc 
tion execution controlled approach. In this hybrid ap 
proach, Expansion Decoder 304 is provided with one 
time programmable hardware such as fuse or anti-fuse 
circuits. In this way a user may take a standard expan 
sion decoder deuce and program it to decode a speci?c 
set of external SFR addresses. 
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A further alternative for decoding SFR addresses in 
Expansion Decoder 304 is a to use a CAM 650 as de 
scribed above, however, programming of CAM 650 is 
done during a system reset and initialization period by 
transferring data from a memory means such as a serial 
EEPROM, a mask-programmed ROM, or any type of 
non-volatile memory, into CAM 650 rather than pro 
gramming CAM 650 by means of data moving instruc 
tions executed by microcontroller 302. Many other 
alternative con?gurations are possible as will be under 
stood by those of skill in the art. 

Table III provides a list of the instructions which the 
expansion decoder will recognize as being capable of 
operating on an external SFR address. In other words, 
Expansion Decoder 364 decodes the instruction op 
codes listed in Table III and generates the control sig 
nals for accessing all the SFRs that are mapped as ex 
pansion I/O ports (i.e. external SFR addresses). The 
opcodes listed in Table III are presented in hexadeci 
mal. 

TABLE III 
Instruction Mnemonic Opcode (Hex) I/O operation 

ADD A, SFR 25 R 
ADDC A, SFR 35 R 
SUBB A, SFR 95 R 
INC SFR O5 RMW 
DEC SFR 15 RMW 
ANL A, SFR 55 R 
ANL SFR, A 52 RMW 
ANL SFR,#data 53 RMW 
ORL A, SFR 45 R 
ORL SFR, A 42 RMW 
ORL SFR, #data 43 RMW 
XRL A, SFR 65 R 
XRL SFR, A 62 RMW 
XRL SFR, #data 63 RMW 
MOV A, SFR E5 R 
MOV Rn, SFR A8-AF R 
MOV SFR, A F5 W 
MOV SFR, Rn 88-8F W 
MOV SFR, SFR 85 R/W 
MOV SFR, @Rn 86-87 W 
MOV SFR, #data 75 W 
MOV @Ri, SFR A6-A7 R 
PUSH SFR C0 R 
POP SFR DO W 
XCH A, SFR C5 RMW 
CINE A, SFR, Roff B5 R 
DJNZ SFR, Roff D5 RMW 
CLR SFRbit C2 RMW 
SETB SFR.bit D2 RMW 
CPL SFR.bit B2 RMW 
ANL C, SFR.bit 82 R 
ANL C, /SFR.bit B0 R 
ORL C, SFR.bit 72 R 
ORL C, /SFR.bit A0 R 
MOV C, SFR.bit A2 R 
MOV SFRbit, C 92 RMW 
JB SFR.bit, Roff 20 R 
JNB SFRbit, Roff 30 R 
JBC SFR.bit, Rot’f 10 R,RMW 

Since different I/O architectures may have different 
requirements as to how fully the address is decoded, six 
decoding schemes are contemplated by the present 
invention. Examples of all six are shown in FIGS. 
7A-7F using a 20-pin package. 

5.3 The Expansion Devices 
Expansion I/O Devices 306-314, as mentioned 

above, can be very simple devices such as input only 
ports 314, or output only ports 312. Devices of this type 
are shown in FIG. 3, and are essentially a tri-state buffer 
in the case of an input-only port and a register in the 
case of an output-only port. Control signals are pro 
vided to these devices by Expansion Decoder 304. 
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Using an input only port as an example, Expansion 
Decoder 304 provides a read signal to the port to enable 
the port to output its data onto PORT2 bus 326, and also 
provides a signal to /EA pin 320 of microcontroller 302 
in order to drive the PORT2 data previously sampled 
onto internal bus 102 of microcontroller 302. 

Expansion I/O Devices having greater complexity 
can be designed, but all operate with microcontroller 
302 and Expansion Decoder 304, within the scope of the 
present invention, in the same way. 
The following chip descriptions should give an idea 

of the power and ?exibility of the present invention. 
There are many possible peripherals, not including the 
many combinations and permutations possible with the 
features and pin counts described in the chips below. 
The present invention can signi?cantly lower the cost, 
risk and turn around time for an ASIC. Instead of put 
ting the ASIC functions on the relatively large mi 
crocontroller die, they can be integrated separately as 
an Expansion I/O Port peripheral. 

5.3.1 Expansion Data RAM Chip Embodiment 
An Expansion Data RAM 802 embodiment of the 

present invention, as shown in FIG. 8, provides for an 
expanded 8051 internal data memory. More particu 
larly, in a preferred embodiment, such a device has 1024 
bytes of RAM (in addition to that which is provided by 
the 8051 internal memory), and a programmable auto 
increment/auto-decrement ability for write/read stack 
operations. This device can be packaged in a 24-pin 
package. However, Expansion Data RAM 802 may be 
combined with additional Expansion I/O ports and 
packaged in a 40-pin package. Those skilled in the art 
will recognize that the acmal number of I/O ports and 
package pins is a matter of design choice. Similarly, 
those skilled in the art will recognize that a memory 
array size other than 1024 bytes may be used. 

In a preferred embodiment of the present invention, 
the 1024 bytes of RAM are divided into four pages of 
256 bytes each. Each page has an Address SFR and a 
Data SFR. Addresses are loaded in the Address SFR 
and data is read from or written to the data SFR. This 
is similar to accessing the upper 128-bytes of on-chip 
internal data memory. For example, to add a value from 
the upper 128 bytes to the Accumulator and store it 
back is done as follows: 
MOV R0, variable_address 
ADD A, @RO 
MOV @R0, A 
To do the same thing with Expanded Data Memory 

the following code segment is used: 
MOV page0__adr_reg, variable_address 
ADD A, page0_data._reg 
MOV page0_data_reg, A 
Each page of expanded data memory has a control 

SFR, or at least one bit in a common SFR that is shared 
by the pages, that can be programmed to enable and 
disable the auto-increment or auto-decrement function 
of the Address SFR. Of course, auto-increment and 
auto-decrement flmctionality can be enabled/disabled 
jointly with one bit of a control SFR, or enabled/disa 
bled separately with more than one bit of a control 
SFR. This provides for buffer management tasks as well 
as stack operations. For example, to swap all the nibbles 
of a buffer using the on-chip RAM could be done as 
follows: 
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MOV counter,#buffer_length 
MOV R0, #buffer_address 

loop: MOV A, @RO 
SWAP A 
MOV @RO, A 
INC R0 
DJNZ counter, loop 

However, the same function may be coded for ex 
panded data memory having an address register enabled 
for auto-incrementing after writes, in the following 
way: 

MOV counter, #bufferJength 
MOV page0—addr-reg, #buffer_address 

loop: MOV A, page0_data_reg 
SWAP A 
MOV page0_data_.reg, A ;address reg incremented here 
DJNZ counter, loop 

Stack ?mctions can be implemented efficiently by 
programming the Address SFR to auto-increment on 
reads and auto-decrement on writes. Stack ?mctions 
can also be implemented by incrementing on writes and 
decrementing on reads. In this case, incrementing of the 
address is generally done after the write operation 
(called post-increment) and decrementing of the address 
is generally done before the read operation (called pre 
decrement). 

5.3.2 Expansion Multi-Function Memory Chip 
In a further embodiment of the present invention, an 

expansion multifunction memory chip (MFC) 902 is 
used as the expansion I/O device. As shown in FIG. 9, 
MFC 902 has a non-volatile memory 906 such as an 
EPROM, EEROM, FLASH memory, CMOS SRAM 
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with battery, ferroelectric memory, or functional equiv 
alent, that is typically con?gured as an 8K by 8 non 
volatile memory array. MFC 902 also has a 1024 byte 
RAM 908 that serves as an expanded 8051 internal data 
memory, an expansion decoder logic block, and several 
timer/counters 910. Still referring to FIG. 9, it can be 
seen that MFC 902 has signal terminals (e.g. pins) for 
connection with signals ALE, RESET /PSEN, /EA, 
/CS, /INT, PORTO, PORT2, I/O PORTO, and I/O 
PORTl. 

In operation, PORTO and PORT2 are latched inter 
nally to MFC 902, in order to address the code memory. 
As a result of having both of these ports available, it is 
extremely efficient to integrate expansion decoder 904 
onto MFC 902. 

Signal terminal /INT is an interrupt output that is 
asserted as a result of the internal peripheral functions 
requesting service. Signal terminal /INT is typically 
coupled to one of the external interrupt request pins of 
microcontroller 302. 
FIG. 9 shows timers/counters 910 implemented on 

MFC 902, however, any peripheral function that can be 
accessed via SFRs could be integrated onto MFC 902. 
For example, Direct Memory Access (DMA) control 
lers, ?oating point math units and so on. 
6.0 Operational Description 

6.1 State by State Operational Example 
This section, in conjunction with FIG. 10 provides a 

step by step (i.e., state by state) description of a com 
plete machine cycle. The instruction used for this exam 
ple is INC EXT__PORT. The address EXT_PORT is 
an address not implemented on the microcontroller. 
The notations (0) and (I) used herein represent output 
ting and input/tristate respectively. 

ALE = HIGH 

SSPl 

/PSEN = HIGH 
PORTO (O) = LOW BYTE OF ADDRESS BEING DRIVEN 
PORT2 (O) = HIGH BYTE OF ADDRESS BEING DRIVEN 
/EA (I) = RECEIVING A HIGH FROM EXPANSION DECODER, 

CONTROLLING PORT2 LOGIC SUCH THAT PORT2 
IGNORES SAMPLED PINS 

ALE = LOW 

/PSEN = HIGH 
PORTO (O) = LOW BYTE OF ADDRESS BEING DRIVEN 
PORT2 (O) = HIGH BYTE OF ADDRESS BEING DRIVEN 
/EA (I) = EXPANSION DECODER DRIVING HIGH, PORT2 LOGIC 

IGNORES SAMPLED PINS. 

ALE = LOW 

/PsEN = LOW 

PORTO (r) = TRISTATE; WAITING FOR OPCODE 
PORT2 (0) = PORT2 SFR BEING DRRVEN 
/EA (0) = LOW; i.e., TMS TELLS EXPANSION DEOCDER THAT 

CURRENT BUS CYCLE IS AN INSTRUCTION FETCH 

ALE = LOW 

/PSEN = LOW 

PORTO (I) = TRISTATE; WAITING FOR OPCODE 
PORT2 (O) = PORT2 SFR TO BE WRRITEN WITH DATA FROM 

MICROCONTROLLER INTERNAL BUS 
/EA (0) = LOW; I.E., THIS TELLS EXPANSION DEOCDER THAT 

CURRENT BUS CYCLE IS AN INSTRUCTION FETCH 

ALE = LOW 

SlPl 

/PSEN = LOW 
PORTO (I) = INC (05h) OPCODE BEING READ 
PORT2 (O) = PORT2 SFR BEING DRIVEN 
/EA (0) = LOW; I.E., THIS TELLS EXPANSION DEOCDER THAT 

CURRENT BUS CYCLE IS AN INSTRUCTION FETCH 










